Dark energy interacting with dark matter is a promising model to solve the cosmic coincidence problem. We study the signature of such interaction on large scale cosmic microwave background (CMB) temperature anisotropies. Based on the detail analysis in perturbation equations of dark energy and dark matter when they are in interaction, we find that the large scale CMB, especially the late Integrated Sachs Wolfe effect, is a useful tool to measure the coupling between dark sectors.
I. INTRODUCTION
effect which is induced by the passage of CMB photons through the time evolving gravitational potential when the universe enters a rapid expansion phase once DE dominates. The late ISW effect has the unique ability to probe the "size" of DE. Much effort has been put into determining the EoS and the speed of sound of DE [27, 28] . Whether the late ISW can give insight into the coupling between dark sectors is an interesting question. In this paper we are going to discuss this problem in detail. We will further employ the CMB data from ground based and satellite observations together with SNIa and SDSS data to constrain the coupling between dark sectors.
The organization of the paper is as follows: in the following section we will review the general formalism of the perturbation theory in the presence of the interaction between DE and DM. In Sec.III we will discuss the large scale cosmic microwave anisotropies and its imprint on the "size" of DE, especially the coupling between dark sectors. In Sec.IV, we will present the global fitting result by using CMB data together with SNIa and SDSS data and we will discuss the alleviation of the coincidence problem when DE interacts with DM. We will present our conclusions and discussions in the end.
II. PERTURBATION THEORY WHEN DE INTERACTS WITH DM
In this section we will go over the perturbation theory when DE interacts with DM. The detailed descriptions can be found in [16, 25] .
The perturbed metric at first order is of the form
where ψ, B, φ, E represent the scalar metric perturbations, a is the cosmic scale factor and
We work with general stress-energy tensor
for a two-component system consisting of DE and DM. Each energy-mementum tensor satisfies the conservation law
where Q ν (λ) denotes the interaction between different components and λ denotes either the DM or the DE sector.
In the Fourier space the perturbed energy-momentum tensor reads [25] δ ′ λ + 3H(
Constructing the gauge invariant quantities [25] 
where we have employed
where C 2 e is the effective sound speed of DE at the rest frame, C 2 a is the adiabatic sound speed.
To alleviate the singular behavior caused by w crossing −1, we substitute V λ into U λ in the above equations where
The quantity Φ is given by, Φ = 4πGa
To solve the above equations we have to specify the interaction form Q ν between DE and DM. However, this is a hard task, since the nature of DE and DM remains unknown, it is not possible at the present moment to derive the precise form of the interaction between them from first principles. One has to assume a specific coupling from the outset [5, 23, 24] or determine it from phenomenological requirements [6, 19] . For the generality, we can assume the phenomenological description of the interaction between dark sectors in the comoving frame [16, 25] 
where ξ 1 , ξ 2 are small positive dimensionless constants and T is the transpose of the matrix. Choosing positive sign in the interaction, one can ensure the direction of energy transfer from DE to DM, which is required to alleviate the coincidence problem [11, 17] and avoid some unphysical problems such as negative DE density etc [15, 19] . The perturbed gauge-invariant coupling vector can be calculated by
where r = ρ c /ρ d . For the reason as illustrated in [16, 25] , we set δQ I pm = δQ I pd = 0. Using continuous equations to eliminate ρ ′ λ /ρ λ in eq( 11), eq( 12), we obtain the perturbation equations [16] ,
In solving these equations we will adopt the adiabatic initial condition [16] 
Dynamical stability of the DE and DM perturbations were examined in detail in [16, 25] . In the general form of the phenomenological interaction, when DE EoS w > −1 and we choose the coupling between dark sectors proportional to the DM energy density (by setting ξ 2 = 0 while keeping ξ 1 nonzero) or the total dark sectors energy density (by setting ξ 1 = ξ 2 ), we observed the dynamical instability in perturbations as argued in [15] . However, when we choose the dark sectors' mutual interaction proportional to the energy density of DE by taking ξ 1 = 0 and ξ 2 = 0, even for w > −1 we have the stable perturbations. When EoS of DE w < −1, no matter the interaction proportional to the energy density of the individual dark sector or the total dark sectors, the perturbation is always stable.
III. LARGE SCALE COSMIC MICROWAVE
With the formalism of the perturbation theory, we are in a position to study the CMB power spectrum. In our analysis we will concentrate on models with constant w and a constant speed of sound. The temperature anisotropy power spectrum can be calculated by
where ∆ l gives the transfer function for each l, P χ is the primodial power spectrum and τ 0 is the conformal time today. On large scales the transfer functions are of the form
where ∆ SW l (k) is the contribution from the last scattering surface given by the ordinary Sachs-Wolfe (SW) effect and ∆
ISW l
(k) is the contribution due to the change of the gravitational potential when photons passing through the universe on their way to earth and is called the ISW effect. The ISW contribution can be written as
where j l is the spherical Bessel function, κ denotes the optical depth for Thompson scattering. From Einstein equations, we obtain,
where
and Π is the anisotropic stress of relativistic components which can be neglected in the following discussion.
The ISW effect can be classified into early and late times effects. The early ISW effect takes place from the time following recombination to the time when radiation is no longer dynamically significant, which gives clues about what is happening in the universe from the radiation domination to matter domination. The late time ISW effect arises when DE becomes dynamically important and has the unique ability to probe the "size" of DE. When DE becomes non-negligible, the gravitational potential decays. When a photon passes throw a decaying potential well, it will have a net gain in energy and thus leads to the late ISW effect. The late ISW effect is a significant contribution to the large scale power in the temperature map of CMB.
In the minimal case when there is no interaction between DE and DM, the presence of DE perturbations leaves a w and C increases the suppression of DM perturbations and therefore increases the contribution to the ISW effect [28] . However, when w < −1 the effect is reversed, with the perturbation initially of opposite sign, and the contribution to the ISW effect increases as the sound speed of DE is decreased [27] . The interplay between perturbations in the DE and DM and the ISW effect is very subtle and it is more direct to cross-correlate the late ISW effect to its source term, the change of the gravitational potential [27] .
The late ISW effect is a promising tool to measure the EoS and sound speed of DE. Whether it can present us the signature of the interaction between DE and DM is a question we are going to address here. We will concentrate our discussions on three commonly studied phenomenologically interaction forms between dark sectors, namely the interaction proportional to the energy density of DE, DM and total dark sectors, respectively.
When we choose the coupling between dark sectors proportional to the energy density of DE, the perturbation was found stable with an EoS w > −1 as well as w < −1 [16] . For chosen constant EoS satisfying w > −1 and C Now we turn to discuss the coupling between dark sectors proportional to the energy density of DM, the perturbation was found stable with an EoS w < −1 only [16] . Choosing constant EoS with w < −1 and sound speed C coupling, the SW effect together with the early ISW effect get more modification than the late ISW effect due to the coupling. Contrary to the coupling proportional to the energy density of DE case, we found that for this kind of interaction the more positive coupling results in the more suppression in the CMB anisotropies. This is reasonable if we look at its correlated potential behavior, see Fig 4b . In Fig 4c we have shown that the smaller sound speed of DE will enhance the difference in the very large scale power in the temperature map, which is also different from the result we have seen above for the coupling proportional to the DE energy density.
For the interaction between DE and DM proportional to the energy density of total dark sectors, we list our results in Fig 5, which is very similar to that we observed when the interaction proportional to the energy density of DM.
With the formalism of the perturbation theory when DE and DM are in interaction, we have analyzed the signature of the coupling between dark sectors from the large scale CMB anisotropies. The large scale power in the temperature By far we only discuss the influence of the ISW effect on the CMB auto power spectrum. Since the late ISW effect arises from the time varying gravitational potential, which correlates with the large scale structure (LSS) of the universe, the cross correlating CMB with tracers of LSS provides another way of measuring the ISW effect [37] . (c) (d) Figure 4 : The small l CMB angular power spectra when the coupling is proportional to the energy density of DM. The DE EoS satisfies w < −1. The up panel of (d) shows the cross-spectra and the lower panel shows the galaxy power spectra.
Progresses in CMB and LSS surveys have enabled detections of the ISW-LSS cross correlation at ∼ 3σ level [38] . The S/N can be further improved by a factor of a few for future all sky LSS surveys. This cross correlation technique has a number of advantages. First, the primary CMB does not correlate with the LSS and thus does not bias the ISW measurement. Second, the cross correlation signal is ∝ ∆T ISW , which tells whether the potential decays or grows. The later case can happen in our interacting dark matter-dark energy models (e.g, panel b, Fig. 3 ) and in modified gravity (c) (d) Figure 5 : The small l CMB angular power spectra when the coupling is proportional to the energy density of total dark sectors and the EoS w < −1.The up panel of (d) shows the cross-spectra and the lower panel shows the galaxy power spectra.
models. As a comparison, the CMB auto power spectrum is only sensitive to ∆T 2 ISW and thus loses this capability.
Third, through the redshift distribution of the LSS, we are able to recover the redshift evolution of the gravitational potential and thus infer more details on the dark matter-dark energy interaction. Thus the ISW-LSS cross correlation is potentially powerful for probing the dark matter-dark energy interaction. However, due to the low signal-to-noise ratio of the current ISW-LSS measurements and the complexities in the theoretical interpretation (e.g. the galaxy bias), we will not confront our model predictions against the existing ISW-LSS cross correlation measurement in this paper. Instead, we will just calculate the expected cross correlation signal between the ISW effect and galaxies, for some representive cases.
The auto-and cross-correlation power spectra are given by
where the integrand for galaxy densities I g l (k) reads,
Here b g (z) is the galaxy bias, Π(z)is the redshift distribution and χ(z) is the conformal distance, or equivalently the look-back time from the observer at redshift z = 0,
We assume b(z) ∼ 1 for simplicity and adopt the redshift distribution of the form [39] ,
normalized to unity and peaking near the median redshift z m = 1.4z 0 . For illustrative purpose,we choose z m = 0.1 and z m = 0.4 throughout our analysis. The first choice resembles a shallow survey like 2MASS and the second one resembles a survey similar to SDSS photo-z galaxy samples.
When the coupling is proportional to the energy density of DE and the EoS is larger than −1(w > −1), the cross power spectra and auto correlation power spectra of galaxies are shown in Fig 1d. For lower redshift galaxies survey z m = 0.1, comparing with the LCDM model we see that the couplings significantly change both the cross spectra and the auto spectra. The negative couplings enhance the power of the correlation while the positive couplings hinder such correlation. When the EoS is smaller than −1, we find very similar results as shown in Fig 2d. However, for deeper redshift galaxies survey z m = 0.4, the couplings do not imprint significantly on the cross power spectra and auto correlation power spectra of galaxies as compared with z m = 0.1.
When the coupling is proportional to the energy density of DM or total dark sectors, we find from Fig 4d,Fig 5d that the cross power spectra are more sensitive to the couplings at lower l part than that of higher l part when the median redshift around 0.1. This feature is different from that shown in Fig 1d and Fig 2d when the interaction is proportional to the energy density of DE, where it was found that at small l when ISW effect amplified, the ISW-LSS cross-correlation is not so much different due to the coupling. While in the other way, for higher redshift survey z m = 0.4, we find less such effect on the cross and auto spectra.
The qualitative behaviors presented here show that the 2MASS survey has more possibility in discriminating the interaction between dark sectors than that of SDSS survey. It is expected in the future that galaxy surveys with photo-z measurements or even spec-z measurements, along with better CMB measurements, could provide better ISW-LSS cross-correlation measurements at each redshift bin. However, since the latest result on the measurement of this effect is not better than ∼ 3σ [40] in accuracy, we will not incorporate the relevant data set in our global fitting in this work.
In the next section we are going to report the fitting result by comparing with observations of CMB.
IV. CONSTRAINTS USING OBSERVATIONAL DATA AND THE COINCIDENCE PROBLEM
In order to further see the signature of the interaction between DE and DM, in this section we will compare our model with observational data by using joint likelihood analysis. We take the parameter space as
where h is the hubble constant,
A s is the amplitude of the primordial curvature perturbation, n s is the scalar spectral index, ξ 1 and ξ 2 are coupling constants proportional to the energy density of DM and DE respectively, w is the EoS of DE. We choose the flat universe with Ω k = 0 and our work is based on CMBEASY code [29] .
In the global fitting, we have used CMB data coming from WMAP5 temperature and polarization power spectra.
We used Gibbs sampling routine provided by WMAP team for the likelihood calculation. In the small scale CMB measurements, we included BOOMERanG [30] , CBI [31] , VSA [32] and ACBAR [33] data. In order to get better constraint on the background evolution, we have added SNIa [34] data and marginalized over the nuisance parameters.
We also incorporated the data from large scale luminous red galaxies(LRGs) survey, we used SDSS [35] data as powerful constraint on real-space power spectrum P (k) at redshift z ∼ 0.1.
Since the terms incorporating Q 0 d on the left hand sides of eq. (19, 20) encounter the irreducible singularity when w crossing −1, we therefore set prior on EoS either w > −1 or w < −1. We take the effective sound speed C In both cases we observed from the global fitting that the coupling between DE and DM in the 1σ range can either be positive or negative. Using the best-fit results, we have studied the coincidence problem. We paid attention to the ratio of energy densities between DE and DM, r = ρ c /ρ d , and its evolution. No matter for w > −1 or w < −1, we observed that a slower change of r for positive coupling as compared to the noninteracting case. This means that the period when energy densities of DE and DM are comparable is longer when there is a positive coupling between DE and DM, see Fig 6 for an example. B. The interaction proportional to DM energy density Now we report the fitting result for the interaction between dark sectors proportional to the energy density of DM. The behaviors of the ratio r = ρ cdm /ρ d when the coupling is proportional to the energy density of total dark sectors.
V. CONCLUSIONS AND DISCUSSIONS
We have reviewed the formalism of the perturbation theory when there is interaction between DE and DM. Based upon this formalism we have studied the signature of the interaction between dark sectors in the CMB large scale temperature fluctuations. We found that in addition to disclose the DE EoS, sound speed, the late ISW effect is a promising tool to measure the coupling between dark sectors. When the interaction between DE and DM takes the form proportional to the energy density of DM and the total dark sectors, because in these cases DE and DM started to chase each other since early time, the interaction not only presents in the late ISW source term but also leaves imprint in the SW and early ISW effects. These properties provide a possible way to examine the interaction between DE and DM even from smaller scale in CMB observations.
We have performed the global fitting by using the CMB power spectrum data including WMAP5 data and balloon observational data together with SNIa and SDSS data to constrain the interaction between DE and DM. When the interaction between DE and DM takes the form proportional to the energy density of DM and the total dark sectors, since it leaves more information in the CMB power spectra, not only just in the very large scale, the coupling can be constrained in a very precise range. In 1σ the coupling is positive indicating that there is energy transfer from DE to DM. This kind of energy transfer can help to alleviate the coincidence problem compared to the noninteracting case.
It is of great interest to extend our study to a field theory description of the interaction between DE and DM and examine its signature in the large scale CMB power spectra. A possible field theory model was proposed in [36] and further investigation in this direction is called for.
